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Doppler-free Two-Photon Electronic Spectra of Large Molecules 
with Resolution Near the Natural Linewidth 
E. R i e d l e , Η. S t e p p , a n d H . J . N e u s s e r 
I n s t i t u t f u r P h y s i k a l i s c h e Chemie, T e c h n i s c h e U n i v e r s i t ä t M ü n c h e n , 
L i c h t e n b e r g s t r a ß e 4 , D-8046 G a r c h i n g , F e d . Rep. o f Germany 
The method of t w o - p h o t o n spectroscopy w i t h counterpropagat ing l i gh t beams was 
pred ic ted by Vasi lenko et a l . / I / to y ie ld e x t r e m e l y resolved D o p p l e r - f r e e e l e c t r o -
nic s p e c t r a . This was exper imenta l l y rea l i zed fo r Na atoms as soon as dye lasers 
o f s u f f i c i e n t resolut ion were avai lable / 2 / . For large p o l y a t o m i c molecules this 
exper iment was fo r the f i r s t t i m e pe r fo rmed successful ly by our group f o r the 
pro to type molecule benzene (C^H J / 3 / using a cw dye laser and an A r ion laser 
provid ing the t w o photons of neany equal w a v e l e n g t h . The reso lut ion of 80 MHz 
was s u f f i c i e n t to resolve most of the r o t a t i o n a l lines norma l l y hidden beneath 
the Doppler broadening . Subsequently we were able to use a pulsed laser system 
of near ly F o u r i e r - t r a n s f o r m - l i m i t e d bandwidth f o r these exper iments prov id ing 
a large increase in sens i t i v i t y / 4 / . Now we are able to record the t w o - p h o t o n 
spectra w i t h a single high power cw r ing dye laser . The observed l i n e w i d t h of 
as low as 10 MHz ( ins t rumenta l l y l i m i t e d ) enables us to resolve a l l r o t a t i o n a l 
t r ans i t i ons . 
In recent exper iments we s t a r t e d t o invest igate the col l is ionless l i n e w i d t h of single 
r o t a t i o n a l lines w i t h i n the e lec t ron ic spect rum of the po l ya tomic molecule benzene. 
The l i n e w i d t h measured under c o l l i s i o n - f r e e condi t ions is expected t o y ie ld precise 
i n f o r m a t i o n about the t i m e constant of i n t r a m o l e c u l a r r e l a x a t i o n processes w i t h i n 
the m o l e c u l e . 
In order to improve the s i g n a l - t o - n o i s e r a t i o in our exper iments at low pressures 
and to increase the accuracy of the l i n e w i d t h measurements these D o p p l e r - f r e e 
t w o - p h o t o n exper iments have been pe r fo rmed in an e x t e r n a l c o n c e n t r i c c a v i t y 
as shown in F i g . 1 . The signal enhancement made possible by an exte rna l c a v i t y 
has been demonstrated previously f o r the measurement of t w o - p h o t o n Ramsey f r i n -
ges / 5 / and pressure-broadening and - s h i f t s in rub id ium / 6 / . W i th a p i e z o - m o u n t e d 
spher ical end m i r r o r of 99% r e f l e c t i v i t y and a spher ical f r o n t m i r r o r ( r=100mm) 
of 70% r e f l e c t i v i t y we measured a finesse of about 8 . To lock the exte rna l c a v i t y 
to the varying laser f requency , the m i r r o r separat ion is s l ighty m o d u l a t e d . The 
resu l t ing ampl i tude modulat ion of the t r a n s m i t t e d l i gh t is fed in to a phase-sens i -
t i ve s e r v o - l o o p . With the e x t e r n a l c a v i t y the signal o f the D o p p l e r - f r e e t w o - p h o t o n 
absorpt ion is larger by about one order of magnitude as compared to the standard 
s e t - u p . Now we are able to measure single r o t a t i o n a l l ines in the benzene t w o - p h o -
ton spect rum at pressures as low as 0 . 1 t o r r . 
In order to obtain i n f o r m a t i o n about the nature of the in t ramo lecu la r re laxa t ion 
process i t is i m p o r t a n t t o invest igate tha t process as a f u n c t i o n of excess energy 
w i t h i n the S, s t a t e . P a r t i c u l a r l y f o r the p ro to type organic molecu le benzene 
i t has been found f r o m l i f e t i m e and quantum y ie ld measurements t h a t the ra te 
fo r i n t ramo lecu la r r e l a x a t i o n increases d ras t ica l l y w i t h the excess energy o f the 
e x c i t e d v ib ra t ion 111. In add i t ion our recent D o p p l e r - f r e e t w o - p h o t o n spectra 
/ & / i nd icate tha t there is also a strong dependence of the radiat ion less process 
on the r o t a t i o n a l s tate w i t h i n a g iven v i b ra t i ona l s t a t e . To invest igate the 
in f luence of v i b r a t i o n a l excess energy , the same r o t a t i o n a l t r a n s i t i o n has been 
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F i g . l E x p e r i m e n t a l s e t - u p fo r recording D o p p l e r - f r e e r o t a t i o n a l l y resolved 
t w o - p h o t o n spectra of C^H^. For signal enhancement an ex te rna l c o n c e n t r i c 
c a v i t y is used 
measured fo r t w o v ibron ic bands of the same s y m m e t r y , however , of d i f f e r e n t 
excess energies . The resul t is shown in F i g . 2 . A t the b o t t o m par t of the Q -b ranch 
(Δ3=ΰ, Δ K=0) of the 14 π 1 n v ib ron ic band of benzene is shown under high 
reso lut ion as measured w i t n the s e t - u p of F i g . l . Every l ine in the spectrum 
corresponds to a single r o t a t i o n a l t r ans i t i on wh ich has been assigned by s y m m e t r i c 
r o t o r c a l c u l a t i o n . For demonst ra t ion the K - s t r u c t u r e of the J=10 sub-branchy is 
marked in th is s p e c t r u m . A p a r t i c u l a r r o t a t i o n a l l ine (J=10, K=0) o f the 14 ^ 
1 g t rans i t i on is shown on an extended f requency -sca le (x lO) when recorded under 
the low pressure of 0 . 1 t o r r where co l l i s iona l broadening does not con t r i bu te 
-31 -29 ~m Δν [GHz] -24 
F i g . 2 Par t of the D o p p l e r - f r e e t w o - p h o t o n spect rum of the 14 g l v ib ron ic 
band in C^H^ . The lineshape of a p a r t i c u l a r r o t a t i o n a l transi?ion J=10, 
K=0 is shown on an extended scale fo r t w o d i f f e r e n t v ib ra t iona l excess 
energies 
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to the l i n e w i d t h . The measured l i n e w i d t h of 10 MHz is main ly given by the spectra l 
resolut ion of our s e t - u p (the laser l i n e w i d t h and t r a n s i t - t i m e broadening) , so 
that the col l is ionless l i n e w i d t h is expected to be far below 10 MHz fo r this excess 
energy (2492 c m ) . 
For compar ison , above th is l i n e , the l inesj iap^ of the same r o t a t i o n a l t r a n s i t i o n 
J=10, K=Q^ is shown as recorded in the 14 ηΐ ρ v ib ron ic band (excess energy of 
3412 c m " , sample-pressure of 1 . 1 t o r r ) . Even a f t e r c o r r e c t i o n fo r the residual 
pressure broadening, the col l is ionless l i n e w i d t h is found to be broader by at least 
a f a c t o r of t h r e e . The der ived value of 30 MHz is f a r g reater than the ins t rumenta l 
resolut ion so tha t i t represents the c o l l i s i o n - f r e e l i n e w i d t h of th is r o t a t i o n a l t r a n s i t i o n . 
In another series of exper iments the l i n e w i d t h has been measured as a f u n c t i o n 
o f ^the> r o t a t i o n a l quantum number J fo r K=0 lines of the same v ib ron ic band 
14 p i n at constant v ib ra t iona l excess energy . We found a t h r e e - f o l d increase 
o f tne l i n e w i d t h f r o m J=2 (26MHz) t o J=14 (74 MHz ) po int ing to a strong dependen­
ce of radiat ionless processes on the r o t a t i o n of the po l ya tomic mo lecu les . 
In conc lus ion , we have previously shown tha t ro ta t i ons play an i m p o r t a n t ro le 
in i n t ramo lecu la r r e l a x a t i o n processes of p o l y a t o m i c mo lecu les . E l i m i n a t i o n of 
the Doppler broadening is essential f o r these m o l e c u l e s , t o resolve single r o t a t i o n a l 
t rans i t i ons . To be able to study the in f luence of ro ta t ions in a q u a n t i t a t i v e w a y , 
it is essential t o increase the exper imenta l reso lu t ion to the point where the 
col l is ionless l i n e w i d t h of single r o t a t i o n a l t rans i t ions can be measured . This has 
been done fo r the f i r s t t i m e f o r a po l ya tomic m o l e c u l e , benzene (C^H^) . Strongly 
d i f f e r i n g l inewidths were observed w i t h i n one v ib ron ic band. This c lea r l y d e m o n s t r a ­
tes the impor tance of D o p p l e r - f r e e high reso lut ion t w o - p h o t o n spectroscopy f o r 
the spectroscopy and exact study o f the dynamic behaviour of mo lecu les . 
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